There are few studies that have determined the effects of long-term GH replacement on bone mineral density (BMD) in GH-deficient (GHD) adults. In this study, the effects of 10 years of GH replacement on BMD were assessed in 87 GHD adults using dual energy X-ray absorptiometry (DEXA). The results show that GH replacement induced a sustained increase in BMD at all the skeletal sites measured. Introduction: Little is known of the effect of more than 5 years of GH replacement therapy on bone metabolism in GHD adults. Patients and methods: In this prospective, open-label, single-center study, which included 87 consecutive adults (52 men and 35 women; mean age of 44.1 (range 22-74) years) with adulthood onset GHD, the effect of 10 years of GH replacement on BMD was determined. Results: The mean initial dose of GH was 0.98 mg/day. The dose was gradually lowered and after 10 years the mean dose was 0.47 mg/day. The mean insulin-like growth factor-I (IGF-I) SDS increased from 1.81 at baseline to 1.29 at study end. The GH replacement induced a sustained increase in total, lumbar (L2-L4) and femur neck BMD, and bone mineral content (BMC) as measured by DEXA. The treatment response in IGF-I SDS was more marked in men, whereas women had a more marked increase in the total body BMC and the total body z-score. There was a tendency for women on estrogen treatment to have a larger increase in bone mass and density compared with women without estrogen replacement. Conclusions: Ten years of GH replacement in hypopituitary adults induced a sustained, and in some variables even a progressive, increase in bone mass and bone density. The study results also suggest that adequate estrogen replacement is needed in order to have an optimal response in BMD in GHD women.
Introduction
In growth hormone-deficient (GHD) adults, biochemical markers of bone turnover have demonstrated both normal (1) and decreased (2, 3) rates of bone remodeling. Histomorphometric analysis of bone in GHD men showed higher eroded surface of iliac bone and a tendency to lower osteoid surface, mineralizing surface, and bone formation rate (4). Short-term GH replacement has consistently increased biochemical markers of both bone formation and bone resorption, (5, 6 ) thereby suggesting increased bone remodeling.
Adults with both childhood onset (CO) and adulthood onset (AO) GHD have reduced bone mineral content (BMC) and bone mineral density (BMD) (7) (8) (9) (10) . However, the magnitude of the reduction in bone mass is more marked in adult patients with CO disease than in adult patients with AO GHD (11) . In two studies, there was no detectable difference in bone mass in elderly GHD adults without GH replacement as compared with controls (12, 13) . Furthermore, adult GHD patients without GH replacement therapy are at higher risk of fractures as compared with matched controls (14) (15) (16) .
More than 12-18 months of GH replacement is needed to increase BMD in adult GHD of both childhood and adult onset (9, 17, 18) . The responses in BMC and BMD are, however, larger in CO GHD patients than patients with AO disease (11) . The effect by GH on weight-bearing regions, such as femur neck and lumbar spine, may be more prominent than the effect on other skeletal regions (9) . Finally, the treatment response during GH replacement in bone mass has been more marked in GHD men than in GHD women in previous studies, lasting 2-5 years (10, 19, 20) .
There are few studies determining the effects on bone mass by GH replacement R5 years. Five and six years respectively, of GH replacement induced a progressive increase in BMD (10, 21) . In a recent 7-year study with 20 GHD patients, lumbar spine and forearm BMD increased between 1 and 6 years of GH replacement therapy and thereafter remained unchanged (22) . Therefore, BMD may have reached a new plateau after 5-6 years of GH replacement therapy.
The aim of this prospective study was to investigate the effects of 10-year replacement therapy on BMD in a large group of unselected patients with adult onset GHD recruited at a single center. Furthermore, we determined clinical characteristics of patients with the largest increase in BMD and those unresponsive to GH replacement.
Subjects and methods

Patients
Eighty-seven adult patients with adult onset pituitary hormone deficiency (52 men and 35 women) and with a mean age of 44.1 (range 22-74) years were included between 1990 and 1994. All the patients had known pituitary disease or other pituitary hormonal deficiency. The pituitary deficiency was mainly caused by pituitary tumors or their treatment (Table 1) . Forty-five of the patients had received only surgical treatment and thirty-one had been treated with both pituitary surgery and radiotherapy. One patient had been treated only with radiotherapy.
Most patients had multiple anterior pituitary deficiencies (Table 1) . Possibly due to late effects of the radiotherapy (nZ32), several patients had more anterior pituitary deficiencies at the study end as compared with the baseline (Table 1) . In 73 patients, the diagnosis of GH deficiency was based on a maximum peak GH response of less than 3 mg/l during insulininduced hypoglycemia (blood glucose %2.2 mmol/l). In the remaining patients, all having multiple anterior pituitary deficiencies, the diagnosis was based on low IGF-I values and measurements of spontaneous GH secretion (nZ12) or a maximum GH response !1.5 mg/l during a glucagons-stimulation test (nZ2). When required, patients received replacement therapy with glucocorticoids, thyroid hormone, gonadal steroids, and desmopressin throughout the study period. At the study start 15 out of 26 (57.7%) and at the study end 20 out of 31 (64.5%) respectively, of the gonadotropin-deficient women received estrogen replacement therapy. At study end, 3 of these women received transdermal estrogen treatment, whereas the other 17 received oral estrogen replacement. All gonadotropin-deficient men received testosterone replacement. Otherwise, the patients were not receiving any medication that could affect the measurements of this study.
Four patients died during the study (renal carcinoma (nZ1), cancer in the omentum (likely colonic cancer, nZ1), cerebral infarction (nZ1), and pulmonary edema due to a probable myocardial infarction (nZ1)). Three patients discontinued GH therapy. One of these patients was discontinued due to lack of compliance after 8 years. The other two patients discontinued GH replacement therapy after 9.5 years, one due to a malignant tumor in the urinary bladder in combination with a cerebral infarction and one due to chronic lymphatic leukemia respectively. In addition, two patients were lost to followup, since they moved to other parts of Sweden. However, all the nine patients described above were retained in the statistical analysis as the last observed value for each variable was carried forward according to the intentionto-treat approach used. Isolated GHD  5  4  9  3  1  4  1 Additional deficiency  5  3  8  2  2  4  2 Additional deficiencies  9  5  14  11  4  15  3 Additional deficiencies  31  25  56  35  29  64  Diabetes insipidus  12  11  23  13  12  25 a Contains a cholesteatoma, a trauma, a meningioma.
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Study protocol
This is an ongoing, prospective, open-label treatment trial of the administration of recombinant human GH in adult patients with GH deficiency. Eighty-seven consecutive adult patients with adulthood onset GH deficiency were treated for 10 years with GH. The initial target dose of GH in the first 64 patients was 11.9 mg/kg per day (0.25 IU/kg per week). In these 64 patients, during the first 2-3 years of treatment, the dose of GH was gradually lowered and individualized when the weight-based dose regimen was abandoned (23) . In the remaining 23 patients, the GH dose was individualized from the start of the treatment. At baseline and after each year, during the first 5 years of GH treatment, and then after 7 and 10 years, physical and laboratory examinations were performed, including measurements of bone mass and density. In addition, dose titration and safety monitoring were performed by visits every third month during the first year and every sixth month thereafter. Body weight was measured in the morning to the nearest 0.1 kg, and body height was measured barefoot to the nearest 0.01 m. No effort was made to influence the patient's physical activity level or dietary habits during the study period.
BMC and BMD
Dual energy X-ray absorptiometry (DEXA) (Lunar DPX-L software version 1.3) was used to measure BMC and BMD in the total body, lumbar spine (L2-L4), and proximal femur as described previously (24) . Software versions were changed several times (from 1.1 to finally 1.35) during the study, but the version 1.33 was generally used during the large period of the study. A phantom (COMAC-BME Quantitative Assessment of Osteoporosis Study Group) was frequently used for calibration purposes. The CVs between measurements were 0.4, 0.5, and 0.6% for total body BMD, lumbar (L2-L4) spine BMD, and femur neck BMD. The BMD z-score, which is the difference in S.D. of age-and sex-matched healthy subjects, and the BMD t-score, which is the difference in S.D. of sex-matched young (20-39-year old) healthy subjects, were determined using the Lunar DPX-L software program.
Biochemical assays
Serum IGF-I concentration was determined by a hydrochloric acid-ethanol extraction RIA using authentic IGF-I for labeling (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). The individual serum IGF-I values were compared with age-and sex-adjusted values obtained from a reference population of 197 males and 195 females (25) . The individual IGF-I SDS scores could then be calculated as described previously (26) .
Serum osteocalcin was measured by a doubleantibody RIA (International CIS, GiF-sur Yvette, France) with interassay CVs of 4.3 and 5.5% at serum concentrations of 8.9 and 19.7 mg/l respectively. Serum calcium was measured by absorption spectrophotometry (Boehringer Mannheim, Mannheim, Germany) with a total CV of %2.5% at a mean serum concentration of 2.5 mmol/l. Intact PTH was measured by immunoradiometric assay (Nichols Institute Diagnostics) with total CVs of 11.0, 7.5, and 6.5% at serum concentration of 13.5, 43.1, and 186 ng/l respectively. The method for determination of intact PTH was changed after 8 years of the study. The intact PTH values are therefore given only for 0-7 years of treatment.
Statistical methods
All the descriptive statistical results are presented as the mean (S.E.M.). For all variables, a one-way ANOVA was performed, with all data obtained from all time points, and with time as the independent variable. Post hoc analysis was performed using Student's Newman-Keuls test. Gender differences and differences between estrogen-treated women versus women without estrogen treatment were calculated by a two-way ANOVA, with all data obtained from all time points, and with gender or estrogen treatment and time as the independent variables. In order to eliminate the baseline differences, data were transformed as percentage change or change from baseline before the between-group analyses.
All analyses were performed according to the intention-to-treat principle using the last observation value carried forward principle. A two-tailed P%0.05 was considered significant.
Results
GH dose and serum IGF-I concentration
The mean dose of GH was gradually lowered. The mean maintenance dose at 10 years was approximately half of that prescribed at the baseline ( Table 2 ). The mean IGF-I S.D. score increased from K1.81 at the baseline to 1.29 at the study end (Table 2) .
Biochemical bone markers and BMC
There was a sustained increase in serum concentrations of osteocalcin and calcium which were within the normal range throughout the 10 years of treatment (Table 3 ). Serum concentration of PTH was unchanged during 7 years of the study (Table 3) . Total body, lumbar (L2-L4) spine, and femur neck BMC, as measured using DEXA, were increased from 3 to 5 years of treatment (Table 3 ). The increase in total BMC was progressive throughout the study period, whereas the maximum effect on lumbar (L2-L4) spine and femur neck BMC was seen after 7 years (Table 3) .
BMD
Total BMD and t-score decreased initially and transiently by the GH replacement and after 7 and 10 years of treatment, total BMD, z-, and t-scores increased as compared with the baseline (Table 4) . Lumbar (L2-L4) BMD, t-and z-scores increased throughout the study with maximum effect after 10 years (Table 4) . Femur neck BMD and z-score achieved a peak value between 5 and 7 years of the study (Table 4) . At the baseline, a large group of patients had osteopenia and some of them met the criteria for osteoporosis (t-score less than K2.5 S.D.) in total body, lumbar (L2-L4) spine, and femur neck t-score (Table 5 ). In 37-55% of the patients, t-score increased after 10 years (Table 5 ). The share of the patients with z-scoreO0 increased with 12% in total body BMD, 27% in lumbar (L2-L4) spine BMD, and 20% in femur neck BMD after 10 years ( Fig. 1A-C) .
Responders versus non-responders in BMD
The patients who received high doses of GH based on body weight at initiation of treatment had a similar response after 10 years in all measures of BMC and BMD as compared with patients who received individualized, lowdose GH replacement from the beginning (data not shown).
An analysis of responders versus non-responders was performed in terms of femur neck BMD as it was at this skeletal site that most patients had osteopenia at the baseline ( Table 5 ). The patients with remaining osteopenia after 10 years (nZ20) were overall older (mean age 64.2 (2.2), vs 57.1 (1.4) years respectively, P!0.05) and included a larger proportion of women (59 vs 33.3% respectively, P!0.05).
The patients who decreased in femur neck BMD t-score at 10 years (approximately 12%) showed no difference in age, sex, diagnosis, and number of pituitary deficiencies or frequency of estrogen replacement when compared with the patients (37%) who increased in femur neck BMD t-score.
Patients with a history of secreting pituitary adenomas (nZ18) as well as the subgroup of patients with a history of prolactinomas (nZ12) had a more marked response to GH replacement after 10 years in terms of femur neck z-score (both PZ0.05 vs patients with a history of nonsecreting pituitary adenomas) and femur neck t-score (both P!0.05). In all other measures of BMC and BMD, the response after 10 years was similar as that in patients with non-secreting pituitary adenomas (data not shown). The responsiveness to GH replacement could not be evaluated in patients with previous Cushing's disease or acromegaly due to the small number of patients in these groups (nZ4 and nZ2 respectively).
Fractures
No patient had any fracture during the study period.
Gender differences
The dose of GH (mg/day) was similar in both sexes. Adjusted for body weight, however, the mean dose of GH was higher in women than in men at all time-points of the study except for the dose prescribed at the baseline visit (at study end the dose was 6.5 (0.8) mg/kg per day in Table 2 The dose of GH during 10 years of therapy in 87 growth hormone-deficient adults and the effects of this treatment on serum insulin-like growth factor-I (IGF-I), IGF-I SDS body height, body weight, and body mass index (BMI). All values are shown as the mean (S.E.M.). The statistical analyses are based on a one-way ANOVA followed by Student's Newman-Keuls post hoc test. P-values (5-10) years are based on the post hoc analyses between the 5-year and 10-ye values. *P!0.05 † P!0.01 ‡ P!0.001 (for the dose of GH: vs initial GH dose; for other variables: vs baseline). Table 3 Effects of 10 years of growth hormone (GH) substitution in 87 GH-deficient adults on serum concentrations of biochemical bone markers as well as on bone mass as determined using dual energy X-ray absorptiometry. All values are shown as the mean (S.E.M.). The treatment response in total body BMC as measured using DEXA ( Fig. 2A ) was more marked in women, whereas the changes in lumbar (L2-L4) spine and femur neck BMC were similar in both sexes (data not shown). The response to 10-year GH replacement in total body (Fig. 2B) , lumbar (L2-L4) spine (Fig. 2C) , and femur neck BMD (Fig. 2D) was similar in the both sexes. However, the increase in total body z-score was larger in women. Total body z-score, and other measures of BMC and BMD in men and women that were not presented in Fig. 2 , are given in Table 6 .
Women on estrogen vs women without estrogen
At study start, 15 out of 26 (57.7%) and at study end, 20 out of 31 (64.5%) respectively, of the gonadotropindeficient women received estrogen replacement therapy. Women on estrogen replacement and eugonadal women (nZ24) had a non-significant tendency to a larger increase in lumbar (L2-L4) spine z-score BMD (PZ0.09), femur neck BMD (PZ0.07), and total BMC (PZ0.07) as compared with gonadotropindeficient women without estrogen treatment (nZ11). Estrogen-replete women had a higher mean GH dose throughout the study than hypogonadal women without estrogen therapy (P!0.05, data not shown).
If a comparison is made between women receiving estrogen substitution at the study (nZ21) end versus women who did not (nZ14), there will be a non-significant tendency to a higher percentage increase in the total body BMD in women receiving estrogen treatment (Fig. 3A) . The percentage change in total BMC (Fig. 3B ) and BMD lumbar (L2-L4) spine z-score level (Fig. 3C) were significantly higher in women on estrogen replacement therapy. There was no difference in GH dose, IGF-I, and bone formation markers between these two groups. Baseline age tended to be higher in women on estrogen treatment than those who did not, but the difference was not statistically significant (the mean age 50.5 (2.4) vs 48.3 (3.8) years respectively, PZNS). Furthermore, the results of all analyses between women on estrogen treatment versus women without estrogen treatment also remained when the baseline age was used as the covariant.
The possible importance of the effect of initiation of estrogen substitution during the study period could not be statistically evaluated because of the relatively small number of women in this group (nZ5).
GHD women above 55 years of age had a less marked response to GH replacement in relation to women below 55 years in terms of total body BMD (P!0.05) and total body BMD t-score (P!0.05). However, the response in femur neck t-score was more marked in the women above 55 years of age (P!0.01). In other variables reflecting bone mass and density, the treatment response was similar in both groups.
Correlation analysis
Baseline femur neck BMD correlated inversely with the percentage change in the same variable (rZK0.31, PZ0.01). There was no correlation between the baseline values and the percentage change in total body or lumbar (L2-L4) BMD (rZ0.15 and rZ0.09 respectively). This indicates that those patients with the lowest the baseline values in the femur neck BMD had the greatest increase in this variable, whereas no such relation was observed for total body and lumbar (L2-L4) spine BMD.
There was a positive correlation between the age at the baseline and the percentage change in the lumbar (L2-L4) spine BMD (rZ0.26, P!0.05), suggesting that the oldest patients had the largest increase in lumbar (L2-L4) spine BMD. No such correlation was found between age and the other skeletal sites (data not shown).
There was a negative correlation between the baseline serum IGF-I and percentage change femur neck BMC (rZK0.26, P!0.05), and a positive correlation between the percentage changes in the variables after 10 years (rZ0.30, P!0.05). No other correlations were found between serum IGF-I and BMD and BMC values, neither at the baseline nor between the percentage changes after 10 years.
There was no positive correlation between the response in total, lumbar (L2-L4) spine, or femur neck BMD after 1 year and the response in the same variable between 1 and 10 years of GH replacement (data not shown). The patients with a good treatment response after 1 year may therefore not be the same patients as those who have a good treatment response in BMD after 10 years.
Discussion
This single-center study is the largest and longest observational study of the long-term effects of GH replacement therapy in hypopituitary adults with adult onset GHD on bone mass and density. The results show that the 10-year GH replacement therapy produced sustained increase in bone mass and density with the maximum effect after 7-10 years of treatment.
The dose of GH, which was based on body weight at the initiation of treatment in most patients, was gradually lowered and individualized. The increase in serum concentrations of osteocalcin and calcium were, however, sustained suggesting increased bone turnover and increased intestinal uptake of calcium to be of important for the increased bone mass and density in response to GH. In support of this, supraphysiological doses of GH favored the production of 1,25(OH)2D3 Table 6 Effects of 10-year growth hormone (GH) replacement in 52 GH deficient (GHD) men and 35 GHD women on bone mineral content (BMC) and bone mineral density. All values are shown as the mean (S.E.M.). over that of 24,25(OH)2D3 with a moderate increase in intestinal Ca absorption in dogs (27) . In a study in GHD humans, GH administration at bedtime caused a nocturnal increase in PTH production followed by a decrease in PTH during daytime as compared with untreated GHD adults (28) . It could be hypothesized that such a 24-h PTH pattern during GH therapy could be beneficial for bone density. In agreement with several shorter studies (29, 30) , an initial transient decrease in total body BMD occurred during the first year of GH replacement. Total body BMC and lumbar (L2-L4) spine z-score increased progressively between years 5 and 10 of the study, whereas the maximum effect on lumbar (L2-L4) spine BMC, and femur neck BMC and BMD, was observed after approximately 7 years of GH replacement therapy. Studies with longer duration than the present one have to evaluate if the maximum effect of GH on bone mass and density has been reached after 10 years of therapy or if BMC and BMD can increase even more during prolonged GH replacement therapy.
T-scores were almost normalized by the GH replacement therapy. Since t-score in lumbar spine and femur neck is strongly related to the risk of fractures in these regions (31, 32) , the 10-year GH replacement is likely to reduce the risk of fractures in GHD adults. GH replacement can also normalize muscle strength (33, 34) which together with a possible increase in physical activity could explain the increase in BMD by GH replacement. Furthermore, the analysis of patients who increased their t-score at the femur neck versus those who decreased in femur neck t-score showed no clear difference in the baseline characteristics between these two groups of patients. After 10 years, the patients with remaining osteopenia at the femur neck were overall older and included a larger proportion of women than the patients without osteopenia at this skeletal site. This is also in line with that observed in the normal population and suggests that most individuals with low BMD are elderly women, in hypopituitary adults as well as in the normal population.
Testosterone replacement improves BMD in hypogonadal men (35) . In the present study, all hypogonadal men received testosterone replacement. The testosterone replacement may therefore have contributed to the increase in BMD observed in men. However, in contrast to most previous studies where women were less responsive to GH replacement (20, 36, 37) , women in our study showed, after 10 years, an outcome in bone mass and density at least similar to that of men. The increase in total body BMC and z-score were even more marked in women than in men.
The prominent effect on BMD in women in this study could be a combined effect of the GH and the estrogen replacement during the long period of time. In postmenopausal women, oral estrogen treatment has been shown to lower serum IGF-I concentration (38) and increase BMD (39) . Studies in transgenic mice show that GH can only increase bone in female mice with adequate estrogen levels (40) . In the present study, women on estrogen therapy at the study end had a tendency to greater increase in total BMC and lumbar (L2-L4) spine z-score than women without estrogen therapy. Furthermore, women who increased their femur neck BMD had estrogen treatment to a higher extent than women who decreased femur neck BMD at the study end as compared with the baseline. Although the group of women who initiated estrogen treatment during the GH replacement was not large enough to be statistically evaluated, increased frequency of estrogen replacement could have induced, or been permissive for, the prominent increase in BMD in the GHD women.
Previous studies suggest that estrogen may have a more profound effect on bone remodeling than testosterone (41) , with an effect on both bone resorption and bone formation. We cannot exclude that gender-dependent differences in bone turnover may result in that an increase in bone mass by a GH-induced increase in bone turnover is detected slower in women. However, in a study with as long duration as the present one, gender-dependent changes due to differences in bone remodeling rate are probably minimized. An increase in bone mass by increased bone turnover by GH may therefore first be detected in men.
This study shows that GH replacement is of substantial benefit for bone in hypopituitary men and women with adult onset GHD. To what extent GH treatment is of value in osteoporotic patients without severe GHD is not fully clear. Untreated adult GHD is probably a state of low bone turnover (4), whereas in osteoporosis, there is an uncoupling of bone resorption versus bone formation, resulting in increased bone resorption (42, 43) . In a placebo-controlled study of osteoporotic postmenopausal women on estrogen treatment, GH treatment resulted in marked increases in total, lumbar spine, femur neck, and BMC after 4 years, that is, 1 year after discontinuation of GH treatment (44) . In an open study in osteoporotic men with calcium and vitamin D supplementation, continuous 2-year GH treatment increased lumbar spine and total body BMD as compared with the baseline (45, 46) . However, there is a need for further studies, which will preferably also include fracture data, before more firm conclusions can be made regarding the usefulness of GH treatment in osteoporotic patients without severe GHD.
In conclusion, 10 years of GH replacement in adults with adult onset GHD induced a sustained, and in some variables even a progressive, increase in bone mass and bone density. This increase in BMC and BMD was seen both in the GHD men and women. Adequate estrogen replacement in hypopituitary women augments the increase in bone mass and density in response to GH replacement.
